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Meeting these challenges requires a continued effort to improve understanding of 

weapons performance for assessing the stockpile based on the quantification of mar­

gins and uncertainties (QMU). In conjunction with theory and simulation, a broad 

range of experiments supply relevant scientific and engineering data. Two kinds of 

data are obtained from such experiments, materials properties (particularly those of 

plutonium) and implosion characteristics for weapons-related geometries and materi­

als in integrated systems. The requisite tools span a broad range of scales and costs, 

from bench-top instrumentation to large and complex facilities. This experimental 

program is executed at a variety of sites throughout the DOE complex. This effort is 

also informed by the large archival database provided by previous nuclear-explosion 

tests. 

The program of hydrodynamic and nuclear experiments has several technical 

as well as programmatic objectives, and comprises a broad range of fundamental, 

focused, and integral experiments. Fundamental experiments include measurements 

of fundamental properties of materials, that is, intrinsic or atomic-level properties 

such as structures, phases, equations of state and other thermodynamic properties. 

Focused experiments include studies of non-equilibrium properties, as well as the 

behavior of real materials, and, in particular, weapons materials, with their defects, 

impurities, and microstructure; these can involve high-explosive-driven hydrodynamic 

experiments on plutonium in subcritical assemblies or on plutonium surrogates. Fi­

nally, integral experiments are conducted to assess the coupling of combinations of 

materials and may examine several operative phenomena simultaneously; they include 

large-scale hydrodynamic experiments as well as subcritical plutonium experiments, 

in weapons-relevant geometries. 

The present study is motivated in part by a request to assess a program for a 

new series of integral experiments. These are subcritical implosion experiments on 

subscale primaries diagnosed via radiography or internal diagnostics compared with 

equivalent experiments on surrogate materials at full and subscale. The program is 

underway, and a plutonium subscale experiment is scheduled for execution in 2012. 
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explosive or in nuclear explosions) because radiative and conductive heat flow and 

viscous dissipation are slow compared to hydrodynamic processes under "warm dense 

matter" conditions (temperatures of 0.1-10 eV, densities of 0.1-10 x solid density, 

and dimensions of tenths of mm or greater). The flow is therefore nearly isentropic 

except at shocks. In metals and covalently bonded solids, whose bulk moduli are 

generally 0(1 Mbar), shocks produced by high explosive are weak enough that the 

entropy change is usually small. 

When entropy is nearly conserved in most of a flow, it is a powerful tool for 

thinking about the flow, and for numerical calculation. The choice of entropy as one 

of the independent thermodynamic variables is advantageous in reducing numerical 

errors. In calculation of processes that change all other variables by large factors the 

conservation of specific entropy is then automatic and explicit; it does not have to be 

enforced as an implicit constraint on the variation of two other independent variables, 

both of which vary by large amounts. 

The use of entropy as an independent thermodynamic variable also facilitates 

understanding. When entropy is increased by some process, the effect of that pro­

cess is immediately apparent. This would be less obvious when the variables are 

(for example) pressure and density, because then an increase in entropy appears as 

only a small (perhaps nearly invisible on a plot) shift of an element's trajectory in 

thermodynamic space. Sometimes small entropy differences may be important; they 

may determine the phase of a material, and many properties, including strength and 

the pressure-density relation, can be very different for two phases that are nearly in 

thermodynamic equilibrium. 

The entropy of a substance is given by 

S(T) = 1T Cpi7') dT', (3) 

where Cp is the heat capacity at constant pressure; we assume a thermodynamic path 

at constant (generally zero) pressure and a classical substance for which S(O) = 0. 

For an electron-degenerate metal, phonons contribute essentially all the specific heat, 
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Figure 25: l'vieasurements of the off-Hugoniot Ta EOS on several high pressure plat­

forms. 

No Pu experiments have yet been performed on NIF or Omega. Clearly this will 

require work to ensure that the appropriate safety issues can be addressed. Concerns 

have been voiced that the type of Pu that could be investigated is not weapons grade 

material which typically is alloyed with Ga, has various levels of impurities, and has 

differing isotopic compositions. In addition, it is likely that the microstructure of 

Pu samples on NIF also will not match that of weapons grade Pu used in primaries. 

However, in our view this is not a compelling objection. Indeed, from the point of view 

of fundamental measurements it is important to get a baseline on the pure material 

(both with and without Ga) as this high pressure data is very useful for informing 

theoretical approaches to characterize the more complex weapons grade material. 

Ultimately, of course, it will be be necessary to investigate the more complex weapons 

grade material and these issues will have to be addressed. 

We next discuss the possible use of laser platforms in validating strength models 

at high pressure. Remington et al [54] have developed a laser-based platform to 

investigate various strength models. The basic idea is shown in Figure 26. A laser 

is aimed at a gold hohlraum which then produces X-rays that impinge upon an 

impactor which becomes a plasma after absorption of the X-ray flux. This plasma then 
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Figure 26: Laser platform for strength investigations 

expands and transfers momentum to a target that creates a ramp-like compression 

on a layered target with a rippled interface. The interaction of the compression 

wave with the ripples interface produces baroclinically generated vorticity and thus 

an acceleration-induced instability known generically as Rayleigh-Taylor instability; 

that is, the rippled disturbance will grow at a rate that depends on the loading it 

receives but also on the nature of the materials across the interface. The growth rate 

in the absence of high pressure strength effects is different (larger) than that in the 

absence of such effects. Typical results are shown in Figure 27 where simulations of 

the instability both with and without strength are compared. Experiments of this 

type have been successfully carried out using high explosives at pRad as well as at 

the Omega laser and thus differing strain rates can be explored. With the advent of 

NIF even higher strain rates can be examined. The results have been used to validate 

various strength models. Shown in Figure 28 is the amplitude of the instability as a 

function of time for Ta as predicted by various strength models. Results are shown 

for material driven by HE loading as well as by laser drive on the Omega facility. 

As can be seen none of the current models in use for weapons simulation accurately 

predict the growth vs. time but of greater significance is the fact that the results are 

sensitive to the type of model used and this difference can be measured. Recently 
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where p is the density, ui is the velocity, aij is the Cauchy stress tensor and 

is the total energy density with e representing the internal energy per unit mass. All 

the physics is in the stress tensor. 

If we scale lengths by some factor (call it j3) and scale time by the same factor, 

that is 

x · -t j3x · J J t -t j3t 

it is not hard to see that the equations of motion are invariant with respect to this 

transformation provided 

and, that the initial and boundary conditions are identical as well under the scaling 

transformation. 

For the Euler equations for pure inviscid fluid motion we have 

(J .. - -P~ .. 
~J - u~J, 

where P is the thermodynamic pressure given by the equation of state. it can be 

seen that the equations are indeed scale free. For more complex constitutive relations 

scaling does not necessarily hold. Two important examples where scaling can fail 

to hold exactly come about when one uses rate dependent strength models or has a 

rate dependent energy release which may occur for certain reactive materials like high 

explosives. For example, if one uses a strength model to relate the stress tensor to 

strain and rate of strain, the strain tensor will in general not exactly scale. Similarly, 

the reaction zone of a high explosive may not scale properly and so the loading from 

the HE will modify the implosion so that it does not scale properly. 

Scaling is also directly related to dimensional analysis and it can be shown that 

the presence of dimensionless quantities is directly related to measures of the violation 

of pure scaling. For example, the fact that viscous effects in fluids do not scale leads 
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